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Abstract 
To date, the large majority of studies on molecular fragmentation by swift charged particles have been carried out using simple 
molecules, for which reliable Potential Energy Curves are available to interpret the measured fragmentation yields. For complex 
molecules the scenario is quite different and such guidance is not available, obscuring even a simple organization of the data 
which are currently obtained for a large variety of molecules of biological or technological interest. In this work we show that a 
general and relatively simple methodology can be used to obtain a broader picture of the fragmentation pattern of an arbitrary 
molecule. The electronic ionization or excitation cross section of a given molecular orbital, which is the first part of the 
fragmentation process, can be well scaled by a simple and general procedure at high projectile velocities. The fragmentation 
fractions arising from each molecular orbital can then be achieved by matching the calculated ionization with the measured 
fragmentation cross sections. Examples for Oxygen, Chlorodifluoromethane and Pyrimidine molecules are presented. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the Organizing Committee of CAARI 2014. 
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1. Introduction 
The description of the fragmentation of molecules, induced by charged particles or energetic photons, has its 
simplest conceptual basis grounded on diatomic molecules. Each electronic configuration of the molecule is 
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associated with a potential energy curve that may or may not admit bound states. If the ionizing particle has enough 
energy, its interaction with the molecule can result in the removal of any of its electrons. The removal of a particular 
electron results in a new electronic configuration which can be associated with an attractive or repulsive potential 
energy curve, depending on the final state of the molecular ion. The system can then stabilize as the cation of the 
parent molecule or fragment. 
 
In multielectronic molecules, even in diatomic ones, a large number of final electronic states are associated with 
each one of the fragment ions produced. In other words, a large number of potential energy curves are associated 
with each fragment ion with all the corresponding Franck-Condon factors contributing to give the final net 
fragmentation yields. Further, as the kinematics of fragmentation is strongly dependent on the details of the potential 
wall in the Franck-Condon region, it is necessary that reliable calculations for this region are available for the 
description of the observed results. Currently this only occurs for a few diatomic molecules.  An example of such 
calculations can be found in Hikosaka et al. (2003) for the O2 case. 
 
The fragmentation scenario is considerably complicated in the case of polynuclear molecules. The fragmentation of 
these molecules plays a key role in several areas of current scientific interest, such as the establishment of the 
inventory of planetary atmospheres or on the effects of ionizing radiation on production or cure of tumours. 
Examples of such molecules, which will be considered later, are Chlorodifluoromethane and Pyrimidine, 
respectively. Because the relative simplicity that occurs for diatomic molecules does not apply in this case, it is 
necessary to design a new strategy aimed to, at least, organize in a panoramic way the large number and diversity of 
ejected fragments resulting from the removal of an arbitrary electron of these complex molecules. 
 
The strategy to be used is based on the assumption that, if the projectile is fast enough, the removal of an electron 
produces a distribution of fragments (fragmentation pattern) which is a signature of the primary vacancy produced. 
Fragmentation is thus considered as a post-collisional process, whose characteristics do not depend on the dynamics 
of the collision process but only on the molecular orbital where the primary residual vacancy is located. The whole 
process then has two distinct stages: the collisional phase, which is responsible for the distribution of primary 
vacancies, and the posterior relaxation phase, which is responsible for the number, type and kinetic energy 
associated with the fragments. 
2. Vacancy Production 
The first phase to be considered is the primary production of vacancies. At first glance, obtaining ionization cross 
sections that apply universally is glimpsed as a task almost impossible, due to the large number of wave functions 
describing the initial and final states of all possible active electrons of a generic, polynuclear molecule. However, 
and somewhat surprisingly, the cross sections of ionization by fast projectiles seem to be quite insensitive to the 
details of the wave functions of the initial and final states of the active electron, depending primarily on its binding 
energy. 
 
In the historical article where the "Born approximation" was first used, H. Bethe (1930) calculated the elements 
of the dipole transition matrix associated with ionization from various initial states of the hydrogen atom. A 
remarkable result of these calculations is that the matrix element is essentially the same for electrons in the 2p, 3p, 
or 4p states, and has similar values (~ <30% higher) for 3s and 4s electrons. Although the shape of the wave 
functions for these states is quite different, e.g. with different numbers of nodes, the matrix elements are indifferent 
to these details and the ionization cross sections depend essentially just on the binding energy of the active electron. 
 
This finding was used by Montenegro, Sigaud and Dubois (2013) to describe the ionization cross-section by 
protons for a large variety of targets, ranging from atomic Hydrogen to quite complex molecules such as Uracil. A 
very good scaling, using essentially the ionization energy of the active electrons as a target parameter, was obtained, 
and a simple universal function to describe that behavior was suggested as: 
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with A= 6.15x103, B= 7.0x10-2, C= 1.4x10-2, x= (E/M)/Inl, E/M in keV/amu, and the ionization potentials  Inl  in 
atomic units for Vnl  in Mb. The label nl represents a particular atomic or molecular orbital.  
 
For the electron case, Wolff et al. (2014) introduced two changes in the above equations to take into account the 
sharper ionization threshold as well as the change in the shape of the cross section for energies below the maximum: 
x= (1.836E(eV)/Inl)-24.97, and C= 8.5x10-3. The parameter x is in this case related to the energy excess, instead of 
the projectile energy as in the proton case. 
 
The broad validity of these scaling laws seems to be due to the fact, pointed out above, that the ionization cross 
section is quite insensitive to the details of the wave function of the initial and final states of the active electron. 
Moreover, for both noble gases and the vast majority of biological molecules, the active electrons that most 
contribute to the ionization by swift projectiles are the s and p atomic orbitals, which are also the ones 
predominating in the composition of the outer molecular orbitals, a fact that contributes to the coalescence of the 
data in the scaling. These results significantly simplify the organization of the fragmentation pattern of complex 
molecules induced by fast ions, since the collisional phase of the process, that is, the production of the primary 
vacancies in the molecular orbitals, can be easily and realistically calculated. 
3. The Fragmentation Matrix 
Thus, since realistic cross sections for the production of primary vacancies is available, the next step would be to 
obtain an estimate of the fragmentation fractions, fnl, associated with the vacancies produced in each molecular 
orbital. After this step, the cross section for the production of a given fragment "m" can be obtained through the sum 
of the product of the fragmentation fractions and the ionization (vacancy production) cross sections of each 
molecular orbital, that is: 
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subject to the constraint, 
1,  ¦
m
nlmf .                                                                   (4) 
For diatomic molecules the fragmentation fractions can be obtained through the sum of the Franck-Condon 
factors associated with transitions to potential curves which are asymptotically related to the fragment ion m in 
question. However, this approach is far from simple for multi-electronic molecules and is currently unfeasible for 
more complex, polynuclear molecules. For example, in the fragmentation of O2 there are several possible exit 
channels for the formation of O+(2P,4S,2D,...) + O(3P,1S,1D, 5S,...), due to the many combinations of the final states 
of the fragments (Hikosaka et al. (2003)). The case of O2, shown in Figure 1(a), illustrates how the above scheme 
synthesizes, in the fragmentation fractions, all possible transitions resulting in the formation of a particular ion. 
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Given the practical difficulty to progress in this issue using first-principles calculations, we used a semi - 
empirical method to obtain the fragmentation fractions of an arbitrary molecule. The purpose of this approach is to 
provide a first step to organize the inventory of fragments produced by the collision of swift electrons and ions. This 
approach was used in water by Montenegro (2009), in CHClF2 by L. Sigaud et al. (2010), and in Pyrimidine by 
Wolff et al. (2014). 
 
 
Fig. 1. (a) Fragmentation yields of O2; (b) Fragmentation Matrix of O2. 
 
Fig. 2. (a) Fragmentation cross sections of O2 by electron impact 
 
The set of fragmentation fractions constitutes a matrix relating the calculated cross sections for single 
ionization of the molecular orbitals with the cross sections associated with the ionic fragments observed. Completion 
of this matrix is carried out considering the following criteria: (i) seeking to obtain the measured cross sections of 
the fragments from the calculated ionization cross sections for high energy (400 eV e.g. in the illustrated case) ; (ii) 
obeying the constraints for fragmentation fractions (Eq. (4)); (iii) comparing the shape of the calculated 
fragmentation cross sections as a function of projectile energy with the measured ones; (iv) using the fragment-ions 
appearance potentials to select the energetically eligible molecular orbitals. This last information can be obtained 
either from electron impact or photoionization measurements. For the O2 case, the fragmentation matrix shown in 
Fig 1(b) results in the fragmentation scheme shown in Fig. 1 (a) and in the fragment ion cross sections shown in  
(a) (b)
Measured fragmentation
cross sections (Mb) @ 400 eV
Calculated ionization cross sections (Mb) @ 400 eV
Fragmentation Matrix (O2)
1πg 3σg 1πu 2σu 2σg
O2++
O+
O2+
48.30 25.77 52.05 14.88 7.83
1,13
47,50
100,2
1.16
46.86
105
fm,nl 0,06 0,03
0,35 0,3 0,94 0,97
1 0,65 0,7
12,07 19,79 19,64 29,82 46,19IP
nl
nl
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m
nlmf
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Fig. 2. The measured cross sections are from L. Sigaud, N. Ferreira and E. C Montenegro (2013).  
 
Some guidelines to fill the transition matrix can be quickly obtained by a simple numerical comparison between 
the cross sections associated with the production of vacancies in the molecular orbitals and the measured ones. For 
example, the cross section for the production of O2+ (parent ion), cannot come solely from the outermost orbital 
(Sg) because this orbital only provides 48.30 Mb out of the 105 Mb observed for O2+. Actually, neither the addition 
of the orbital 3Vg is sufficient. On the other extreme, the larger energy threshold associated with the O2++ production 
indicates that this ion is fed by vacancies produced in the inner valence orbitals.  
 
Although the constraints described above limit the options to fill out the fragmentation matrix, some freedom of 
choice still remains, meaning that this construction is not unique. However, a general picture of fragmentation can 
be obtained, being sufficient to reveal some fragmentation peculiarities associated with each particular molecule, as 
will be exemplified below.  
 
4. Examples 
Having equations (1) and (2) available to calculate the production of vacancies, as well as the experimental cross 
sections for ion production, the construction of the fragmentation matrix is a fairly simple but informative enough 
process to indicate deviations from normal patterns. 
 
Figure 3 shows the fragmentation scheme of CHF2Cl, a molecule which is presently used in several industrial 
applications and which has implications in the ozone layer. It could be expected that the release of Cl0 would be 
only associated with the removal of electrons bound to the Chlorine, either participating or not in the C-Cl bond. 
However, the filling of the fragmentation matrix shows that is not possible to obtain the measured values of the Cl0 
cross section – which is the largest one, for instance (L. Sigaud et al. (2010)) - just from vacancies in molecular 
orbitals where the Chlorine atom is involved. A substantial fraction of these products comes from a non-local 
fragmentation, in which an electron is removed from a non-bonding orbital of Fluorine and the Chlorine atom is 
detached (L. Sigaud et al. (2010)). This result was first obtained solely by examining the fragmentation matrix and 
was further corroborated experimentally by L. Sigaud et al. (2012) using the DETOF technique (N. Ferreira et al. 
(2012, 2014)). 
 
 
 
Fig. 3. Fragmentation of CHF2Cl. (Adapted from L. Sigaud et al. (2012)). 
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 A more complex molecule, with a different format (ring-shaped) from the previous ones, was studied by 
Wolff et al. (2014). The methodology adopted  to build  the fragmentation matrix of Pyrimidine (C4H4N2) and, 
together with the cross sections for production of vacancies, to get the cross sections for the various fragment-
ions produced was the same as explained above. The fragmentation matrix and cross sections of the various 
fragments are shown in Figure 4. The good agreement between experiment and calculations for the vast majority 
of the measured fragments indicates that fragmentation is indeed induced by the production of single vacancies in 
the various molecular orbitals of the Pyrimidine, for both electron  and  proton impact.  
 
Fig. 4. Fragmentation of Pyrimidine: (a) fragmentation matrix; (b) fragment-ions cross sections. 
 However, the case of M=50 for proton impact is in clear disagreement with the model calculations. It is 
notable that the case of M=53, where the hydrogens are kept attached to de C3N+ fragment, agrees well with the 
model. The release of the three hydrogens requires a large amount of energy and momentum transfer which seems to 
be associated with another mechanism besides single vacancy production. The production of C3N+ emphatically 
shows the difference between electrons and protons. 
Collisions involving high momentum transfers have lower cross sections, as well as those involving double 
collisions. At low measured velocities the C3N+ cross section by proton impact is almost one order of magnitude 
larger than that of electrons, and has a distinctly different behavior from that predicted by the model. We can argue 
that this ion can be produced (i) by a simple vacancy (with low probability) and in accordance with the model for 
both electrons and protons or (ii) by a double collision which has a negligible cross section for electrons but not  for 
protons at lower velocities. At high velocities the cross section of double collision becomes much smaller than that  
for simple collision and, as a result, electrons and protons present similar agreement with the model. It should be 
noted that if the three hydrogens remain attached to C3N+, the cross-sections are much larger and the single vacancy 
model is sufficient to describe the production of C3H3N+  by both projectiles. The production of C3N+ by a single 
vacancy mechanism is likely to be due to a multiple local ionization  following an Auger-like decay of an inner  
molecular orbital  vacancy (Cavalcanti et a. (2002), Montenegro (2009)). Although Auger-like processes result in 
the formation of two or more vacancies, it is a post-collisional process originating from a single primary vacancy 
and, therefore, are included in the net fragmentation fractions obtained through the scheme described above. 
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5. Conclusions 
The limited but different types of molecules for which absolute ionization cross sections are available to 
date give a clear indication that the primary vacancies produced in complex molecules, by fast electrons and 
protons, can be well described by a simple scaling law, which is based on the fact that the cross sections are quite 
insensitive to the details of the molecular wave functions of the active electron. This finding opens the perspective to 
study a more complicated mechanism, namely, the molecular fragmentation following the projectile impact.  Within 
this fast collisions regime, the yields of the observed fragments can be considered as the result of a post-collisional 
molecular orbital rearrangement of primary vacancies produced in the collision. This conceptual background allows 
one to empirically determine the fragmentation matrix, an essential link between the calculated ionization cross 
section and the measured fragment-ion cross section. The comparison of the results of this model with experiments 
shows that high-order effects or non-local detachment can be identified from the deviations of a single vacancy 
production model. 
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